The divergence physical properties of surfaces exposed to airborne contaminants in the atmosphere has been widely investigated in the recent year, but agreement regarding the role that airborne hydrocarbon and water contamination have on surface properties evolution remains elusive. Here we investigate the evolution of freshly grown highly oriented pyrolytic graphite (HOPG) surface exposed to a controlled environment solely containing airborne water contamination, i.e. water vapor. Our approach combines standard electromagnetic spectrumbased spectrometry methods and atomic force microscopy based techniques to provide a holistic view of the surface properties. We provide evidence of the role that water adsorption kinetics has on surface properties, interpreting time dependent force-distance profiles and force of adhesion maps directly obtained from the standard observables in a bimodal AFM. To demonstrate the generality of our approach we also apply it to aged calcite surfaces, proving its advantages in providing comprehensive transient characterization of surfaces with sufficient spatial resolution.
The divergence physical properties of surfaces exposed to airborne contaminants in the atmosphere has been widely investigated in the recent year, but agreement regarding the role that airborne hydrocarbon and water contamination have on surface properties evolution remains elusive. Here we investigate the evolution of freshly grown highly oriented pyrolytic graphite (HOPG) surface exposed to a controlled environment solely containing airborne water contamination, i.e. water vapor. Our approach combines standard electromagnetic spectrumbased spectrometry methods and atomic force microscopy based techniques to provide a holistic view of the surface properties. We provide evidence of the role that water adsorption kinetics has on surface properties, interpreting time dependent force-distance profiles and force of adhesion maps directly obtained from the standard observables in a bimodal AFM. To demonstrate the generality of our approach we also apply it to aged calcite surfaces, proving its advantages in providing comprehensive transient characterization of surfaces with sufficient spatial resolution.
Introduction
The chemical and physical properties of a surface, and hence its reactivity, vary as the surface typically reduces its free energy and tends towards thermodynamic equilibrium with its environment. Adsorption of water [1] [2] or other contaminants 1 is the main factor responsible for the evolution of the surface and heavily affects the surface properties. Adsorption of water on carbon surfaces, for example, has been the subject of many experimental studies since the pioneering work on a highly graphitized adsorbents by Kiselev and co-workers in 1968 3 . The topic gains particular practical interest because of its implications for the use of carbon adsorbents in separation processes where the presence of small amounts of water can be of crucial importance 4 .
In the recent year this interest seems to have increased and one can find in the literature a consistent amount of investigations that discuss the main contributors responsible for the evolution of freshly grown highly oriented pyrolytic graphite (HOPG) surface towards a more hydrophobic behavior. The fact that the surface turns to a more hydrophobic one is usually regarded as been caused by hydrocarbon contaminants in the air despite not being the solely and mostly present ones [5] [6] [7] . Most of the work disregard completely the role that water and possibly its combination with hydrocarbon contaminant plays [8] [9] since the role of single or at most few molecular layers of adsorbed water is erroneously believed to lead to a more hydrophilic behavior. This view of water disregards the evidence of ice-like structure of the first adsorbed water layers on hexagonal surface like HOPG under ambient conditions of pressure and temperature. Despite this great body of knowledge in the literature, the theoretical mechanism responsible for temporal variations of surface properties is still not entirely understood and in particular the role that water plays is almost fully disregarded. This can be partly attributed to the absence of ad-hoc tools and comprehensive experimental methodologies for transient surface characterization, which are needed to shed light on the role that all of contaminants play.
In this study we present an exploratory investigation methodology that relies on a set of different techniques traditionally not used to study the kinetics of adsorption or the change in surface properties. We use Fourier Transform Infrared (FTIR) spectroscopy set up 8, [10] [11] [12] to determine adsorption kinetics of water from a controlled environment solely containing airborne water contamination i.e., water vapor and no volatile hydrocarbons. The approach can be extended to adsorption of different species. Specifically, Diffusive Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is employed to complement the standard FTIR set-up with a closed reaction chamber that provides the desired controlled environment and allows users to design the type of gas purged into the chamber with defined temperature and relative humidity (RH). The FTIR-DRIFTS provides the necessary capability to investigate the contaminants adsorption kinetics in situ ensuring that the observed area is undisturbed due to operational procedures. We also quantify the change of surface properties by means of interpreting the observables obtained from amplitude modulation atomic force microscopy (AM AFM) with a set of newly developed procedure. We reconstruct the nanoscale force profiles between the AFM tip and the sample by utilizing the Sader-Jarvis-Katan formalism for force reconstruction [13] [14] [15] , and we discuss the evolution of the force versus distance profile with time. The force-distance profiles are complemented by force of adhesion maps 16 , directly obtained from the standard observables in a bimodal AFM via non-invasive non-contact mode of operation. We demonstrate the capability of our investigation methodology on graphite and calcite surfaces and we stress the versatility of our approach indicating the advantage that it provides reporting clear evidence of the role that water adsorption kinetics in addition to the presence of hydrocarbon contaminants has on the evolution of surface properties.
Materials and methods

Sample preparation
Highly Ordered Pyrolytic Graphite (HOPG) is chosen as a model sample due to its intrinsic atomic flatness that makes it possible to disregard any morphological effect when studying the evolution of surface properties. We begin by separating adjacent stacked parallel layers of HOPG with traditional scotch tape method creating a pristine surface that is immediately exposed to a controlled N 2 environment at 1220 Pa for 24 hours to allow reaching thermodynamic equilibrium 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy DRIFT-FTIR
A Netzsch drop humidity generator is connected to the HVC-DRP reaction chamber (from Harrick Scientific) mounted in the front sample compartment of a Bruker 80v FTIR spectrometer using a Praying Mantis Diffuse Reflection Accessory. The different instruments are connected with a heat transfer line that allows the whole system to be maintained at constant temperature.
Gas cylinders were connected to the reaction chamber to control the purging gas type by use of a mass flow controller. The pristine HOPG surface is placed in the reaction chamber immediately after cleaving (cr. 5 minutes) and reflects the IR beam while being exposed to a predefined environment designed to study water adsorption and the consequence evolution of the surface.
Time 0 refers to the start of a cycle when the sample is mounted in the experimental set up and is exposed to the humid gas (no water adsorbed). Throughout this work we keep the temperature for the transfer lines and the reaction chamber at 42°C. We record the absorbance spectrum in reflective mode by averaging 150 scans with a resolution of 4 cm -1 . DRIFT records a spectrum every 10 min.
Force Measurement
The 
where A 0 is the free or unperturbed amplitude of oscillation and Φ is the phase lag relative to the drive force. For convention we assign d = 0 when minima in F ts occurs, i.e., F ts = F AD . The robust use of equations (1)- (2) requires that force transitions occur smoothly and that bistability is avoided. This is required to recover the force and energy for the whole range of distances including long range and tip-sample deformation 19 . Smoothness in force transitions is achieved by sufficiently increasing the free amplitude A 0 above the critical region of bi-stability [20] [21] . For OLYMPUS (AC160TS) cantilevers (Silicon tips), the smooth transition on graphite and calcite samples occurs for values of A 0 larger than 20-30 nm when the tip radius R lies in the 5 to 10 nm range and of 35-45 nm for AC240TS 22 . In this work, the tip radius has been monitored by means of in situ method that exploits the concept of critical amplitude A c 22 and with which it has been found that R has always lied in the 5-10 nm range in the experiments.
Bimodal SASS operation
The Cypher AFM was operated in bimodal mode by keeping the perturbed amplitude, A 1 
Physically the relationship above can be understood by considering that in SASS mode the tip oscillates near the minimum of the tip-surface force profile (i.e. at the bottom f the force-dicatnce "well"). The tip is maintained in a condition that approximates to quasi-static motion and the force reduces to the force at a point by k (1) z 0 since amplitudes of oscillation are sub-nm and even sub-angstrom in many cases.
Results and Discussion
The evolution of the molecular adsorption of water on a HOPG surface when exposed to a controlled N 2 environment at temperature of 23±2°C and relative humidity (RH) ~55±5% is represented schematically in Fig. 1 a) . In Fig. 1b) , the green line represents the FTIR molecular fingerprint of a freshly cleaved HOPG sample, whereas the black line refers to a sample exposed to the humidity rich environment for 24 h. Clear peaks between 2850 cm −1 and 2950 cm −1 are observable in the spectra and are attributed to possible hydrocarbon contamination 24 . It is unclear whether the hydrocarbon signature is due to airborne contaminates 5 or to some residue from the scotch tape cleavage process. The C-H stretching spectra are present throughout the whole experiment and appear as soon as we started recording data, t = 0 h. The peak representing the C-H stretching remains constant over the time of the experiment. If the airborne contamination hypothesis is correct, such contamination must take place immediately after cleaving, since less than 5 min elapse between HOPG exfoliation in ambient and the acquisition of the first spectra in the controlled organic free environment of our DRIFT-FTIR system. Our results confirm qualitatively previous resulted presented by our group 9 collected at different partial pressure. The main variation in the absorbance spectra is in the range between the 3100 and 3600 cm −1 where O-H stretching vibration takes place. This indicates water-like layer (band center at 3400 cm −1 )
on the surface as sketched in Fig. 1 a) . The integral of the absorbance signal more than doubles in this range over the duration of the experiment. Since the absorbance signal is directly proportional to the concentration of the species (see experimental section), this observation indicates that the main modification of the surface with time is related to the accumulation of water molecules. The FTIR spectra show the evolution of the surface throughout 24 h. The presence of water on the surface is responsible for the evolution of surface properties, which we observe via the evolution of the interaction between an AFM tip and the HOPG sample where R is the tip radius; thus a lower absolute value of F AD corresponds to a lower surface free energy of HOPG when the radius is maintained at a constant value (see experimental section).
Noted that the AFM tips employed were exposed to the environment long enough to reach thermodynamic equilibrium. That is, as we kept the R unchanged, the variation of the F AD showed in Fig. 2b would only be the result of surface evolution. In addition, in order to rule out the effect of the tip that may lead to the observed outcome, we employed tips with different geometrical parameters as described in the experimental section and both showed the same result.
As the surface ages, the |F AD | value stabilizes and maintains a constant value throughout the experiment while the force-distance profile varies diverging from the typical Lennard-Jones type profile. This effect can be monitored by looking at the adhesion energy represented by the area under the F TS curve, which tends to monotonically increase with time. This increase in adhesion energy is compared to the increase of the area under the FTIR spectra and is reported in Fig. 3 .
The similar trends for the adhesion energy A AD and the A FTIR confirm that the evolution of the profile of the F TS is related to the kinetics of the accumulation of water on the surface. Furthermore, at t > 6 h, the force profile is clearly characterized by a plateau in the vicinity of F ≈ F AD. We have earlier attempted to relate the extension of this plateau with the increase in height of the adsorbed water layer 26 . The results of Fig. 2 and 3 confirm the capability of AM AFM to 
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View Article Online monitor the adsorption of water to HOPG surface over time 27 . It seems that water adsorption plays a key role in changing the adhesion energy between tip and sample. While we cannot rule out univocally the role of hydrocarbons they seem to play a secondary role. One key trait of the AFM spectroscopy technique used here is the fact that one can study adsorption directly on edges and steps and compare the surface evolution with flat regions that theoretically are thought of having a different adsorption energy 28 . In the case of HOPG surfaces we are not able to capture differences in the adsorption mechanism between different regions of the sample because edges and steps have characteristic dimension comparable to our probe. In order to confirm the conclusion derived by our spectroscopy experiments and being able to compare the observations on a larger area we utilize a newly developed technique based on bimodal SASS. Bimodal SASS mode requires amplitude A 1 to be chosen in the range of the values predicted by the amplitude distance curve illustrated in Fig. S1 . The presence of a SASS region, where the amplitude vs. distance curve changes its monotonically decreasing trend to slightly increase and subsequently drop in the proximity of the surface, is a necessary requirement to run the AFM in the SASS mode. The extent of this region is related to the presence of sufficiently thick water layer as we have explained elsewhere 26 . At time t < 3 h we are not observing the presence of the SASS region and we revert to a different approach while for time t > = 3 h we use the SASS bimodal to directly map force of adhesion F AD . By use of Eq.
3 on the obtained raw data we derive F AD maps, which are plotted in Fig. 4 in a similar manner as we did with the force curves. For time t = 0 h and 1 h respectively we were unable to rely on the SASS bimodal operation mode and we revert to the collection of force curves at different data point over an area of 300 nm * 300 nm. Heterogeneity in the histograms is visible by inspection of the histograms for the HOPG sample. The average <|F AD |> is plotted in Fig. 4c . The calcite sample is equally flat as the HOPG, but displays nanoscale chemical heterogeneity, two distinct regions, when the sample is exposed to a water vapor rich environment for a sufficiently long time frame. 
Conclusion
In summary, an approach that combines standard electromagnetic-based spectrometry methods and atomic force microscopy based techniques to provide a holistic view of the evolution of surface properties. We demonstrate the robustness of the SASS bimodal AFM operation mode employed to recover the F AD directly from experimental observables while imaging. The values of F AD obtained from the bimodal SASS agree with the observation from experimental force profiles, but provides the capability of investigating the spatial growth of heterogeneities on the surfaces due to contaminants adsorption. These high spatial observations are fundamental in proposing models that describe aging mechanisms. We designed our experiments with the aim of simplifying any surface related morphology aspects that may affect the adsorption process and make the interpretation of the results challenging. Furthermore, our environment was solely rich in water vapor with no other type of contaminants. The approach provides clear evidence of the role that water adsorption kinetics has on surface properties by interpreting time dependent force-distance profiles and force of adhesion maps directly obtained from the standard observables in a bimodal AFM. The generality of our approach is put to test on 2 different surfaces. We acknowledge that more complex systems might lead to models that significantly diverge from the predictions of the expressions for the force employed in this work, but the combinatory work of force spectroscopy and bimodal SASS can help coping with similar effects as it was the case when mapping the F AD of HOPG. We could not operate in SASS regime before sufficient amount of water was accumulated on the surface. An alternative way to do the chemical imaging is to integrate IR spectroscopy with AFM techniques, i.e., nano-IR [30] [31] [32] , which could simultaneously provide high resolution chemical composition along with sample topography. On the other hand, we have demonstrated that our approach is general enough that it can be applied to a range of samples.
